Porcine reproductive and respiratory syndrome virus (PRRSV) actively induces cell apoptosis both in vitro and in vivo, which can contribute critically to viral pathogenesis. Previous studies have shown that the PRRSV nonstructural protein 4 (nsp4) is an important mediator of this process, but the underlying molecular details remain poorly understood. In this study, we found that the PRRSV nsp4 interacted with the mitochondrial inner membrane protein cytochrome c1 (cyto.c1) and induced its proteolytic cleavage. Interestingly, the cleaved N-terminal fragment of cyto.c1 was found to exert apoptotic activity, which could cause mitochondrial fragmentation, resulting in apoptotic cell death. And RNA interference (RNAi) silencing experiments further confirmed the crucial role which cyto.c1 played in nsp4-and PRRSV-induced cell apoptosis. Thus, our data provide an important piece of mechanistic clues for PRRSV-induced cell apoptosis and also elucidate a novel mechanism for the 3C-like proteases in this finding.
Introduction
Apoptosis is an intrinsic cellular defense to restrict virus infection. Accordingly, many viruses have evolved to encode gene products that can efficiently limit this mechanism long enough for production of enough PRRSV is an economically critical pathogen of swine, which mainly causes reproductive failure in pregnant sows and respiratory distresses in young pigs, namely the porcine productive and respiratory syndrome (PRRS) (Albina 1997; Rossow 1998; Zhou and Yang 2010) . Consequently, the disease costs pork producers 500-600 million USD each year in North America (Neumann et al. 2005) . In Asia, the swine industry has been hit hard by the Chinese highly pathogenic PRRSV (HP-PRRSV) and the most recent NADC30-like variants (Tian et al. 2007; Zhou and Yang 2010; Zhao et al. 2015; Zhou et al. 2015) .
The Chinese HP-PRRSV exhibits enhanced virulence and expanded tissue, and the infections of pigs often cause lesions of multiple organs (Tian et al. 2007; Zhou et al. 2009; Zhou and Yang 2010) . One biological property of PRRSV that contributes to viral pathogenesis is the induction of apoptotic cell death, a mechanism that can occur in various tissues, including lungs, testes, lymph nodes and thymus (Sur et al. 1997 (Sur et al. , 1998 Sirinarumitr et al. 1998; Feng et al. 2002; Wang et al. 2011 Wang et al. , 2013 He et al. 2012) . In particular, the HP-PRRSV infections often cause severe thymus atrophy of piglets, leading up to 90% reduction in size characterized by cortical depletion of thymocytes and a significant drop of the CD4 + CD8
+ subpopulation (Wang et al. 2011; He et al. 2012; Guo et al. 2013; Li et al. 2014a) . PRRSV infections also result in apoptosis of macrophages in lungs and lymph nodes as well as the germ cells in testes (Sur et al. 1997 (Sur et al. , 1998 Sirinarumitr et al. 1998; Li et al. 2014a) . It is now well established that PRRSV actively induces cell apoptosis both in vivo and in cell culture (Sur et al. 1997 (Sur et al. , 1998 Sirinarumitr et al. 1998; Choi and Chae 2002; Kim et al. 2002; Labarque et al. 2003; Miller and Fox 2004; Wang et al. 2014) . The molecular details of PRRSV-induced apoptosis remain poorly understood. An earlier study identified the viral major envelope glycoprotein GP5 as an apoptosis inducer (Suarez et al. 1996; Fernandez et al. 2002; Gagnon et al. 2003) , but several later studies could not repeat this observation (Lee et al. 2004; Mu et al. 2015) . While our work was underway on screening of viral components responsible for apoptotic cell death (Yuan et al. 2016) , Ma et al. (2013) reported a link to apoptosis induction by PRRSV nsp4, a 3C-like protease that has homologues across diverse families of positive-stranded RNA viruses and is required for viral replicase polyprotein maturation.
In this report, we extended this observation and went on further to show that the PRRSV nsp4 could interact with the mitochondrial inner membrane protein cytochrome c1 (cyto.c1) and induced its cleavage. Unexpectedly, the cleaved N-terminal fragment of cyto.c1 was found to be a strong apoptosis inducer.
Materials and methods

Cells and viruses
MARC-145, HEK-293FT and Vero cells were all maintained at 37°C in Dulbecco's Modified Eagle medium (DMEM) supplemented with 10% FBS and penicillin (50 U mL -1 )-streptomycin (50 mg mL -1 ). Primary porcine pulmonary alveolar macrophages (PAMs) were prepared from the lung lavage fluids of 5 to 6 week-old specific-pathogen-free (SPF) pigs as previously described ). The high pathogenic (HP) PRRSV JXwn06 and low virulent PRRSV strain HB-1/3.9 used in this study have been described previously (Zhou et al. 2009 ).
Antibodies and reagents
Mouse anti-HA monoclonal antibody (H3663), anti-Flag mAb (F9291), rabbit anti-Flag polyclonal antibody (SAB4301135), mouse anti-β-actin (A5441), and carbobenzoxy-valylalanyl-aspartyl-[O-methyl]-fluorometh-ylketone (Z-VAD-FMK) (V116) were all purchased from Sigma-Aldrich (St. Louis, MO, USA). Rabbit anti-PARP mAb (9532) and anti-caspase-3 mAb (9665) were obtained from the Cell Signaling Technology (Danvers, MA, USA). Mouse anti-green fluorescent protein (GFP) mAb (66002-1-Ig) and rabbit anti-cytochrome c1 polyclonal antibodies (10242-1-AP) were purchased from Proteintech (Chicago, IL, USA). GFP bead was purchased from ChromoTek (Planegg-Martinsried, Germany). Staurosporine (S102392) was purchased from Aladdin (Shanghai, China). Mouse anti-PRRSV nsp4 mAb was prepared in our laboratory.
Plasmids construction
The plasmids pGBKT7-nsp4 and pHA-nsp4 were created by cloning the nsp4 gene from HP-PRRSV JXwn06 strain into the vector pGBKT7 and pCMV-HA, respectively (Clontech, CA, USA). In both cases, nsp4 was expressed as a fusion protein. In the plasmid pGBKT7-nsp4, nsp4 was fused to the sequence coding for the DNA-binding domain of GAL4, whereas in the plasmid pHA-nsp4, it was in frame with the sequence for a HA epitope tag at its 5´ end. The recombinant plasmids pFlag-cyto.c1, pFlag-cyto.c1 (aa 1-230) and pFlag-cyto.c1 (aa 231-327) were generated by cloning the genes coding for pig cyto.c1 and the corresponding fragments into the vector pCMV-3×Flag. Cyto.c1 and its derivatives were expressed by fusion to an N-terminal Flag epitope tag. The plasmid pGADT7-cyto.c1 was made by cloning the pig cyto.c1 gene into the plasmid pGADT7 AD (Clontech, CA, USA). Cyto.c1 was fused to the activation domain of GAL4. Site-directed mutagenesis was used to introduce point mutations in the nsp4-coding region of the plasmid pHA-nsp4 to make three mutants: pHA-nsp4 H39A, pHA-nsp4 D64A and pHA-nsp4 S118A. The cyto.c1 point mutation mutants (E230A, E252A, E254A, E280A and E282A) were generated by overlapping PCR based on the plasmid pFlag-Cyto.c1. In addition, the plasmid pHA-nsp2 was constructed by cloning the nsp2 gene from PRRSV strain JXwn06 into the vector pCMV-HA.
Lentiviruses transduction
The lentiviral expression system containing pWPXL (foreign gene expressing plasmid), pMD2.G (VSV-G expressing plasmid), and psPAX2 (lentiviral packaging plasmid) was purchased from Addgene (Cambrige, MA, USA). The gene coding for nsp4 was cloned into pWPXL and expressed as a GFP fusion protein. The recombinant viruses were rescued by co-transfection of the three plasmids into HEK-293FT cells by usingFuGENE HD Transfection Reagents (Promega, Madison, WI, USA) according to the methods described previously (Du et al. 2016) . After a number of syncytia appeared, the supernatants were subsequently harvested, filtered, and concentrated by Amicon ultra-100 centrifuge tubes (Mick Millipore, Billerica, MA). The titers of lentiviruses were measured by a Quick Titer Ientivirus Titer Kit (Cell Biolabs, San Diego, CA) according to the manufacturer's instructions. To determine the role of cyto.c1 in nsp4-induced cell apoptosis, siRNA-treated MARC-145 cells were transduced with the lentiviruses expressing GFP or GFP-nsp4 in the presence of 8 μg mL -1 polybrene (Sigma, MO, USA). At 48 h post-transduction, the cells were collected for Western blot analysis of caspase-3 and poly ADP-ribose polymerase (PARP) cleavage.
Yeast two-hybrid screening
Yeast two-hybrid screening for binding partners of HP-PRRSV strain JXwn06 nsp4 was performed according to the method as previously described . Briefly, the Matchmaker TM Gold Yeast Two-Hybrid System (Clontech, Shiga, Japan) was used according to the manufacturer's instructions. The pGBKT7-nsp4 plasmid expressing the fusion protein GAL4-BD-nsp4 was used as bait and the PAM cDNA expression library fusion to the GAL4-activation domain in the pGADT7 plasmid was used as prey. Positive yeast clones were selected on SD/-Ade/-His/-Leu/-Trp medium plates (QDO) containing 0.04 mg mL -1 5-bromo-4-chloro-3-indoyl-α-D-galactopyranoside (X-α-Gal, Clontech) and 0.07 µg mL -1 aureobasidin A (ABA, Clontech). Colonies that turned blue were cultured for plasmids extraction. Subsequently, the extracted plasmids were transformed into Escherichia coli DH5α cells for amplification prior to DNA sequencing and bioinformatics analysis with the NCBI BLAST Program. To further verify the results, the respective bait and prey plasmids were co-transformed into the yeast strain Y2HGold and selected on QDO/X/ABA plates.
Transfections
Vero, MARC-145 or HEK293T cells grown on coverslips in six-well plates were transfected when 60-70% confluent with 2-5 µg DNA per well in mixtures of 7-8 µL of lipofectamine in Opti-MEM. After incubation at room temperature (RT) for 20 min, the DNA-lipofectamine complexes were added directly to cells in antibiotics-free culture medium supplement with 10% FBS.
Co-immunoprecipitation
The protocol has been described elsewhere (Du et al. 2016) . Briefly, for studying the interaction between nsp4 and cyto.c1, pHA-nsp4 or the plasmids coding for its derivatives and pFlag-cyto.c1 were transfected into HEK293FT cells either singly or in combination. At 18-24 h post transfection, the cells were harvested and lysed in NP-40 lysis buffer containing 0.5% NP-40, 150 mmol L -1 NaCl, 50 mmol L -1
Tris-HCl (PH 8.0), and protease inhibitor cocktail (P8340, Sigma), and clarified by centrifugation at 12 000 r min -1 for 20 min. The cell supernatants were then precleared with protein A/G sepharose beads (Santa Cruz, CA, USA) and immunoprecipitated using anti-HA beads (Thermo Scientific, Waltham, MA, USA) overnight at 4°C with gentle rotation. The beads were washed three times with the NP-40 lysis buffer and the proteins bounded to the beads were separated by SDS-PAGE followed by Western blot analysis.
Western blot analysis
The amount of total proteins was quantified by BCA Protein Assay Kit (NCI3227CH, Pierce). The same amount of total proteins was subjected to Western blot analysis and β-actin served as a loading control. The protein samples were separated by SDS-PAGE, and then transferred onto PVDF membranes. The membranes were subsequently blocked with PBS-0.05% tween 20 (PBST) containing 5% skimmed milk for 1 h at RT before being probed with appropriate primary antibodies at RT for 2-3 h or at 4°C overnight. After being washed with PBST for 3 times with 10 min each, the membranes were incubated with the proper HRP-conjugated secondary antibodies at RT for 1 h. Afterwards, the membranes were washed 3 times with 10 min each before being developed with the enhanced chemiluminiscence (ECL) reagents (Pierce). HA antibodies were used at a dilution of 1:3 000, Flag antibodies were used at a 1:2 000 dilution, and cyto.c1 antibodies were used at a dilution of 1:500.
Confocal microscopy
The procedures have been described elsewhere (Du et al. 2016) . Briefly, at 24 h post transfection, Vero or HeLa cells were fixed in 3.7% paraformaldehyde for 7 min, permeabilized for 10 min with PBS containing 0.1% Triton X-100 and 2% BSA at RT for 30 min. The samples were reacted with primary antibodies diluted in PBS containing 2% BSA in a humid chamber. The anti-HA epitope mouse monoclonal antibody was used in a 1:1 000 dilution. The anti-Flag epitope antibodies were used in a 1:1 000 dilution. After incubation for 1 h at RT, the cells were then rinsed three times with PBS for 5 min each, and reacted for another half hour with Alexa Fluor 488 F (ab´) 2 fragment of goat anti-mouse IgG (H+L) or Alexa Fluor 568 F (ab´) 2 fragment of goat anti-rabbit IgG (H+L) 1 h at RT, or in combination. The cells were washed once with PBS. Nuclear DNA was stained with DAPI (molecular probes) for 5 min. After three times rinses, the samples were mounted in aqua polymount media (Polysciences Inc., PA, USA) and examined under Nikon A1 confocal fluorescence microscope.
Flow cytometry analysis
To analyze the role of cyto.c1 in PRRSV-induced cell apoptosis, MARC-145 cells seeded on six-well plates were first transfected with small interfering RNA (siRNA) targeting cyto.c1 or scrambled control. At 24 h post transfection, the cells were infected with HP-PRRSV JXwn06 at a multiplicity of infection (MOI) of 0.1 and the DMEM-inoculated cells were used as a negative control. At 48 h after infection, the cells were gently washed with PBS once and then dissociated with trypsin followed by twice washes with cold PBS. Subsequently, the cells were stained with annexin V and PI by using FITC-Annexin V Apoptosis Detection Kit (BD Biosciences, NJ, USA) according to the manufacturer's protocol. Afterwards, cell samples were resuspended in 400 μL binding buffer and analyzed by flow cytometer (BD Biosciences) within 1 h.
RNA silencing assay
Three pairs of siRNAs were designed to target different regions of cyto.c1. The sequences of siRNAs for targeting cyto.c1 in MARC-145 cells were as follows: siRNA-1 sense, 5´-GGAGGUGGAGGUUCAAGAUTT-3´ (nt 453-471), antisense, 5´-AUCUUGAACCUCCACCUCCTT-3´; siRNA-2sense, 5´-GGUGGUGAGGACUACAUCUTT-3´ (nt 619-637), antisense, 5´-AGAUGUAGUCCUCAC CACCTT-3´; siRNA-3 sense, 5´-GGGAAGGUCUCUA CUUCAATT-3´ (nt 686-704), antisense, 5´-UUGAAGUA GAGACCUUCCCTT-3´. The scrambled siRNA (siRNA-NC) sequences are 5´-UUCUCCGAACGUGUCACGUTT-3´ (sense) and 5´-ACGUGACACGUUCGGAGAATT-3´ (antisense). Transfection of MARC-145 cells was carried out using Lipofectamine RNAiMax (Invitrogen) according to the manufacturer's instructions. At 48 h post transfection, the cells were harvested and subject to Western blot analysis using an anti-cyto.c1 antibody. The β actin was used as an internal expression control. For transfection/infection assay, at 24 h post transfection of siRNA, MARC-145 cells are either infected with HP-PRRSV JXwn06 at an MOI of 0.1 or transduced with the lentivirus expressing GPF-nsp4. At 48 h post infection, the cell apoptosis was analyzed by either Western blot or FACS analysis.
Results
PRRSV nsp4 interacts with cyto.c1
PRRSV is capable of inducing apoptosis of in vivo and in vitro (Suarez et al. 1996; Lee and Kleiboeker 2007) . Recently, the viral replicase protein nsp4 was reported to be a strong apoptosis inducer (Ma et al. 2013) . Our studies on screening of viral components revealed the similar finding (Yuan et al. 2016) . To seek the further clue for how PRRSV nsp4 might induce cell apoptosis, we turned to look for its cellular binding partners. We employed a Yeast Two-Hybrid System to screen a cDNA library generated from the porcine alveolar macrophages (PAMs) ). There were 15 binding partners identified from the initial screening (Table 1) , and one of them was cyto.c1, a key constituent in the mitochondrial electron transport chain (Hunte et al. 2003) . There were three reasons why cyto.c1 was selected for further study. Firstly, it has been reported that PRRSV can induce cell apoptosis through the mitochondria-mediated pathway (Lee and Kleiboeker 2007) . Secondly, cyto.c1 has been shown to be involved in cell apoptosis (Zhu et al. 2012) . Thirdly, the sequence alignments show that cyto.c1 is highly conserved among human, pigs and monkeys (data not shown).
To further verify the interaction between nsp4 and cyto.c1, we carried out reverse yeast two-hybrid assay. When the plasmids pGBKT7-nsp4 and pGADT7-cyto.c1 were co-transformed into the yeast Y2HGold cells, the colonies cultivated on the synthetic selection medium QDO/X/ABA plates turned blue (Fig. 1-A) , indicating that there is a physical interaction between nsp4 and cyto.c1. Next, Flag-cyto.c1 and HA-nsp4 in HEK 293 T cells were co-expressed and the interaction was examined by co-immunoprecipitation assay. As shown in Fig. 1 -B, the antibodies to HA could pull down Flag-cyto.c1. Further truncation mutagenesis revealed two regions (aa 1-80 and 80-160) of nsp4 that could independently interact with cyto.c1 ( Fig. 1-C) .
To further substantiate the binding of nsp4 to cyto.c1, MARC-145 cells were transduced with lentiviruses that were expressing nsp4-GFP and GFP. The cell lysates were immuprecipitated with an anti-GFP mAb, then detected by anti-cyto.c1 antibody. As shown in Fig. 1-D , the endogenous cyto.c1 could be probed in cells expressing the viral protein.
The interaction between nsp4 and cyto.c1 was also detected within mammalian cells by confocal microscopy ( Fig. 1-E) . When expressed alone, HA-nsp4 exhibited a diffusive distribution pattern with most in the nucleus whereas Flag-cyto.c1 was localized in the sites that resemble the structures of mitochondria. When co-expressed, nsp4 was re-localized to the puncta structures to become co-localized with Flag-cyto.c1, suggesting that they can find each other in mammalian cells. Together, we conclude that nsp4 and cyto.c1 can interact with each other both in mammalian cells and in vitro.
PRRSV nsp4 induces proteolytic cleavage of cyto.c1
Interestingly, while analyzing the interaction between nsp4 and cyto.c1, we noticed a fast-moving species of cyto.c1 in the cells co-expressed with nsp4 ( Fig. 1-B, lane 1) , but it was not present in the cells co-expressed with the vector (Fig. 1-B, lane 3) . Since nsp4 possesses the protease activity, this result suggests that the fast migration band may be from the proteolytic cleavage by nsp4. This hypothesis was further confirmed by the following assays. Firstly, as shown in Fig. 2 -A, the Flag-ctyo.c1 in HEK293T cells were co-expressed with gradually increasing amount of HA-nsp4. And the cleavage of cyto.c1 was dependent on nsp4 in a dose-dependent manner, which suggested a critical role of nsp4 in the cleavage. Secondly, we introduced point mutations to the nsp4 catalytic triad His39-Asp64-Ser118 to construct three mutants: HA-nsp4 H39A, HA-nsp4 D64A, and HA-nsp4 S118A (Fig. 2-B) . When tested in HEK293T cells, all three mutants failed to cleave cyto.c1 (Fig. 2-B) , suggesting that the protease activity of nsp4 is required for the cleavage. In line with inability to cleave cyto.c1, the nsp4 catalytic mutants failed to induce cell apoptosis in MARC-145 cells (Fig. 2-C) .
Thirdly, as a negative control, we investigated whether other PRRSV proteases are also able to cleave cyto.c1. PRRSV encodes a total of four proteases, including nsp1α, nsp1β, nsp2 and nsp4, but only nsp2 and nsp4 have trans-cleavage activity (Han et al. 2009; Tian et al. 2009) . In this case, we found nsp2 failed to cleave cyto.c1 when co-expressed in HEK 293T cells (Fig. 2-D) .
Fourthly, we mapped the nsp4 cleavage sites in cyto.c1 ( Fig. 2-E) . If nsp4 is directly involved in cleaving cyto.c1, mutating the nsp4 cleavage sites should be able to block the cleavage. Previous studies have shown that the PRRSV 3C-like serine protease has a strong preference for glutamic acid at P1 position of its substrate (Ziebuhr et al. 2000) . As the cleaved product of cyto.c1 had a migration size of more than 20KD when probed with antibodies to the N-terminal tag, it suggests that the cleavage site is likely localized within the second half of cyto.c1. Bioinformatics analysis revealed 5 potential cleavage sites within this region (data not shown), including E230|G231, E252|V253, E254|F255, E280|P281, and E282|H283. Subsequently, we introduced an E to A mutation to each of these sites in the coding sequence of Flag-cyto.c1. When tested in 293HEK T cells, only the E230A mutation conferred resistance to the nsp4-mediated cleavage (Fig. 2-E) , suggesting that the cleavage takes places between E230 and G231. Consistent with this, the N-terminal fragment cyto.c1 aa 1-230 displayed the same migration rate as the fast-moving species on the SDS-PAGE (Fig. 2-F) .
We also examined whether the cleavage of cyto.c1 is an event after the activation of caspase-3, the cleaved form of which is an indicator and executor of active cell apoptosis. To test this, we expressed HA-nsp4 and Flag-cyto.c1 either together or alone in HEK293 T cells (Fig. 2-G) . The cells treated with staurosporine were used as a positive control for apoptosis-induction. At the same time, the cells were treated with pan-caspase inhibitor Z-VAD-FMK. At 30 h post transfection, the cells were examined for caspase-3 activation and cyto.c1 cleavage. As shown in Fig. 2 -G, the cleavage of cyto.c1 by nsp4 was independent of Z-VAD-FMK treatment, suggesting that cyto.c1 cleavage is not a result of caspase-3 activation.
Last, we tested whether the cleavage is PRRSV strain-dependent (Fig. 2-H) . In this case, Flag-cyto.c1 was co-expressed in HEK293T cells with nsp4 from a low pathogenic PRRSV strain HB-1/3.9. As shown in Fig. 2-H , the HB-1/3.9 strain nsp4 cleaved cyto.c1 as efficiently as that from JXwn06 strain.
The cyto.c1 cleavage occurs in the late stage of PRRSV infection
Having shown that the PRRSV nsp4 is responsible for cleaving cyto.c1 in co-transfected cells, we investigated The plasmids pGBKT7-nsp4 and pGADT7-cyto.c1 were co-transformed into the yeast strain Y2HGold and selected on QDO/X/ABA plates. The top and second panels are the respective positive and negative controls. B, HEK 293T cells were transfected to express Flag-cyto.c1, or HA-nsp4 or together. At 24 h post-transfection, the cells were either subjected to direct Western blot analysis or lysed and immunoprecipitated with anti-HA antibodies. The proteins bound to sepharose beads were separated by SDS-PAGE, transferred to PVDF membranes, and probed with the antibodies to Flag and HA. C, the same as B except that nsp4 truncation mutants were used. D, MARC-145 cells were transduced with letiviruses that were expressing GFP or nsp4-GFP in the presence of 8 µg mL -1 polybrene, respectively. The cells were harvested 48 h post-transduction and cell lysates were immunoprecipitated using anti-GFP beads. The proteins bound to sepharose beads were subjected to Western blot analysis using an anti-cytochrome c1 polyclonal antibody or anti-GFP mAb. E, PRRSV nsp4 interacts with cyto.c1 in mammalian cells. Vero cells grown on coverslips in six-well plates were transfected when 60-70% to express the indicated proteins, either alone or pairwise. At 18-24 h post-transfection, the cells were fixed, permeablized, and stained with antibodies to HA and Flag, and examined by confocal microscopy. For double transfections, the merged images are shown at the right. A, dose-dependent response to cyto.c1 cleavage by PRRSV nsp4. HEK 293T cells were transfected to express Flag-cyto.c1 together with increasing amount of HA-nsp4. At 24 h post-transfection, the cleavage of cyto.c1 was analyzed by Western blot with antibodies to Flag, HA, and β-actin. B, the nsp4 protease activity is required for cleaving cyto.c1. The same as A, except that HEK 293T cells were transfected to express Flag-cyto.c1 with nsp4 mutants. C, the nsp4 protease activity was required for activate caspase-3. The same as A, except that MARC-145 cells were used. D, nsp2 does not cleave cyto.c1. HEK 293T cells were transfected to express Flag-cyto.c1 together with nsp2. E, identification of nsp4 cleavage site in cyto.c1. The same as A, except that HEK 293T cells were transfected to express HA-nsp4 together with cyto.c1 mutants. F, size comparison of cyto.c1 (aa 1-230) with the cyto.c1 cleaved fragment. HEK293 T cells were transfected to express Flag-cyto.c1 (aa 1-230) or co-express nsp4 and cyto.c1. G, nsp4-induced cleavage does not depend on caspase-3 activation. Transfected HEK293 T cells expressing nsp4 and cyto.c1 were either treated with Z-VAD-FMK or untreated (left). Meanwhile, the untransfected cells were treated with STS at 6 h before cells were harvested. At 30 h post transfection, the cells were analyzed by immunoblotting with indicated antibodies. H, PRRSV HB-1/3.9 nsp4 induces cleavage of cyto.c1. HEK293 T cells were transfected to co-express cyto.c1 and nsp4 from PRRSV strain HB-1/3.9, and the cleavage was analyzed by Western blot analysis of the whole cell lysate.
whether this event also occurs in PRRSV-infected cells. To this end, MARC-145 cells were infected with PRRSV strain JXwn06 at an MOI of either 0.1 or 1. At indicated times after infection, the cells were lysed and cyto.c1 was subject to Western blot analysis. In addition to the full-length cyto.c1, we observed the appearance of a fast-moving species of cyto.c1 at the late stage of PRRSV infection (Fig. 3) , a time point that is coincident with the nsp4 expression and the caspase-3 activation. Moreover, this band was not due to the degradation by cellular proteases during cell disruption, as we did not see the same phenomenon in the mock-infected cells (Fig. 3, left panel) . This result indicated that the fast-moving band should be from PRRSV infection, consistent with the above observation that nsp4 could mediate the cyto.c1 cleavage.
The cleaved form of cyto.c1 is capable of inducing cell apoptosis
Coincident with the cleavage of cyto.c1 by nsp4 (Fig. 2-C) , Ma et al. (2013) reported that the 3C-like serine protease activity is required for nsp4-mediated cell apoptosis. Thus, it seems that this cleavage event is critical for nsp4-induced cell apoptosis. If this is the case, it suggests that the cleaved fragment(s) of cyto.c1 might have the apoptotic activity. To test this hypothesis, we made two additional constructs corresponding to the proteolytic products of cyto.c1, namely Flag-cyto.c1 (aa 1-230) and Flag-cyto.c1 (aa 231-327).
The plasmids coding for Flag-cyto.c1 or its derivatives were used in equal amounts (µg) to transfect MARC-145 cells.
In line with our hypothesis, Flag-cyto.c1 (aa 1-230) was able to induce significant cell apoptosis upon transfection of MARC-145 cells as measured by caspase-3 activation, whereas the level of apoptosis induction of the full-length cyto.c1 was much lower, although its expression level was much higher when compared to Flag-cyto.c1 (aa 1-230) (Fig. 4) . Thus, we conclude that the proteolytic cleavage of cyto.c1 by nsp4 leads to shedding of an apoptosis inducer.
Cyto.c1 (aa 1-230) induces mitochondrial fragmentation
To understand how cyto.c1 (aa 1-230) might cause apoptosis, we tested its effect on mitochondrial integrity. To do that, we transfected Vero cells with the individual plasmids coding for Flag-cyto.c1 (aa 1-230), Flag-cyto.c1 (aa 231-327), or Flag-cyto.c1. At 24 h post transfection, the mitochondria were stained with mitotracker while the exogenous cyto.c1 was labeled with antibodies to the Flag tag. As expected, the normal mitochondria showed the filament-or tubule-like structure (Fig. 5-A, bottom) . In contrast, in the cells expressing Flag-cyto.c1 (aa 1-230), the mitochondria structure became fragmented (Fig. 5-A, the second row) . Moreover, the mitotracker staining was rather faint comparing to the surrounding cells not expressing foreign cyto.c1 (aa 1-230) (Fig. 5-A , the second row), suggesting that cyto.c1 (aa 1-230) is detrimental to mitochondria. On the other hand, Flag-cyto.c1 (Fig. 5-A, top) or Flag-cyto.c1 (aa 231-327) (Fig. 5-A , the third row) did not appear to have a very adverse effect on mitochondria morphology in Vero cells, and also there was no effect on the mitotracker staining.
Representative examples with higher magnification were shown in Fig. 5-A (far right column) . We also observed the similar detrimental effect of Flag-cyto.c1 (aa 1-230) on HeLa (Fig. 5-B ) and MARC-145 (Fig. 5-C) cells. Thus, these data suggest that Flag-cyto.c1 (aa 1-230) has a dominant negative effect on mitochondrial function.
Cyto.c1 is critical for PRRSV-and nsp4-induced cell apoptosis
To support a critical role for cyto.c1 in PRRSV-or nsp4-induced apoptosis, we performed RNAi knockdown assay by designing three different siRNAs targeting the monkey cyto.c1 (siRNA-1, -2 and -3). The siRNAs were transfected into MARC-145 cells, and the knockdown efficiency was assessed at 48 h post transfection by Western blot analysis. As shown in Fig. 6 -A, the siRNA-2 and -3 were most effective as compared to the scrambled control (siRNA-NC). When tested in the siRNA transfection/PRRSV infection assay, RNAi knockdown of cyto.c1 effectively decreased the percentage of apoptotic cells as measured by FACS analysis (Fig. 6-B ), and significantly reduced the level (about 80%) of caspase-3 activation (Fig. 6-C) . Similarly, depletion of cyto.c1 reduced PARP cleavage by about 80% when tested in the transfection/lentivirus transduction assay (Fig. 6-D) . Together, these data support a critical role for cyto.c1 in nsp4-and PRRSV-induced apoptosis.
Discussion
Many positive-stranded RNA viruses can actively induce cell apoptosis. Previous studies have revealed that the 3C or 3C-like proteases play a critical role in the apoptosis induction (Barco et al. 2000; Lin et al. 2006; Zaragoza et al. 2006; Ma et al. 2013; Yuan et al. 2016) . A salient example is coxaschievirus B3 3Cpro that targets IκB for cleavage (Zaragoza et al. 2006) . The cleaved fragment then translocates into nucleus and forms a stable complex with NF-κB to inhibit its transactivation, leading to cell apoptosis (Zaragoza et al. 2006) . In this study, our data show that the arterivirus 3Cpro uses a different mechanism by directly targeting a mitochondrial protein cyto.c1. Cyto.c1 is one of the key constituents of multimeric complex III (bc1 complex) in the mitochondrial electron transport chain. In the complex, the N-terminus of cyto.c1 faces the mitochondrial inter-membrane space and interacts with cytochrome c (Hunte et al. 2003; Crofts 2004) . This interaction ensures the transfer of electrons from complex II to cytochrome c. Also, the bc1 complex is the major pathway for free radical generation within mitochondria (Cape et al. 2007) . Previously, it was reported that PRRSV-induced cell apoptosis involves in the intrinsic (mitochondria) pathway (Lee and Kleiboeker 2007) . Our studies here suggest that the mitochondria pathway plays an important role in PRRSV-induced apoptosis of MARC-145 cells, as knockdown of cyto.c1 greatly (about 80%) reduced PRRSV-induced caspase-3 activation (Fig. 6-C) .
Screening of viral components revealed that PRRSV nsp4 is a strong apoptosis inducer (Ma et al. 2013; Yuan et al. 2016) . Mechanistically, our data support the notion that the proteolytic cleavage of cyto.c1 is a critical event for nsp4-induced cell apoptosis. There are several lines of evidence supporting this conclusion. First, the protease activity is absolutely required for nsp4-induced cell apoptosis ( Fig. 2-C) . Although it is possible that the mutations might affect an unknown function of nsp4 in addition to the protease activity, it is less likely that all three independent, relatively conserved mutations affect this single unknown function. Second, nsp4 induces specific cleavage of cyto.c1. This conclusion is derived by the key facts that the reaction was dose-dependent on nsp4 (Fig. 2-A) and that mutagenesis of either the nsp4 catalytic site (Fig. 2-B) or the nsp4 recognition site (Fig. 2-E ) in cyto.c1 prevented the cleavage. Third, the cleaved N-terminal fragment ctyo.c1 (aa 1-230) has a remarkable ability to induce apoptosis compared to the full-length cyto.c1 (Fig. 4) . Moreover, in the singly transfected mammalian cells, expression of ctyo.c1 (aa 1-230) causes mitochondria fragmentation with severely reduced mitochondria staining by mitotracker (Fig. 5) , indicating that the cleaved fragment is detrimental to mitochondria. Interestingly, the property of cyto.c1 (aa 1-230) is well in line with a recent report regarding the feature of a cleaved form of cyto.c1 (Zhu et al. 2012) . In that study, cyto.c1 was identified as a novel substrate for the activated caspase-3. The authors found that, during apoptosis, the activated caspase-3 can feed back to cleave cyto.c1 at the site of D106|H107 to release an N-terminal fragment cyto.c1 (aa 1-106). This fragment turned out to be detrimental and could cause further amplification of cyto.c release from mitochondrial to cytosol. When expressed alone in transfected cells, cyto.c1 (aa 1-106) results in profound mitochondria fragmentation and loss of membrane potential, leading to mitochondrial catastrophe (Zhu et al. 2012) . However, this specific cleavage by caspase-3 could be abrogated by caspase inhibitor Z-VAD-FMK. Interestingly, we did not detect the cleaved fragment by caspase-3 either in PRRSV-infected or in transfected cells. On the other hand, since cyto.c1 (aa 1-230) contains the sequence of cyto.c1 (aa 1-106), it is not surprising that the two share the similar property. However, cyto.c1 (aa 1-230) appears more detrimental than cyto.c1 (aa 1-106) since the cells expressing cyto.c1 (aa 1-230) lose most of the mitotracker staining (Fig. 5) while the latter does not (Zhu et al. 2012) . Nevertheless, these indicate that PRRSV hijacks a cellular mechanism to induce cell apoptosis.
Bioinformatics analyses indicate that nsp4 is highly conserved among different PRRSV strains, and therefore it is no surprise that the nsp4 protein from low pathogenic PRRSV strain HB1/3.9 cleaved cyto.c1 as efficiently as that from HP-PRRSV JXwn06. This result is in stark contrast to the fact that HP-PRRSV strains induce much more pronounced cell apoptosis in multiple organs of pigs Guo et al. 2013; Wang et al. 2014) . However, this discrepancy can at least be partly explained by the much higher replication efficiency of HP-PRRSV strains in macrophages and pigs as well as the expanded tropism Li et al. 2014b) . For the latter, HP-PRRSV has been reported to cause thymus atrophy but the low pathogenic PRRSV rarely does so Guo et al. 2013) . Unfortunately, since the protease activity is absolutely required for viral replicase maturation, it is difficult to directly test the role of nsp4 in virus-induced apoptosis by reverse genetics, unless specific residues important for the nsp4-cyto.c1 interaction can be identified. This task will be very challenging as there are two regions of nsp4 involved in interaction with cyto.c1 (Fig. 1) . Nevertheless, our findings here reveal new information about the mechanistic clues for PRRSV-induced apoptosis and also indicate a novel mechanism for the 3C-like proteases of positive-stranded RNA viruses in induction of cell apoptosis.
Conclusion
PRRSV infection induces cell apoptosis in vitro and in vivo. And previous studies suggested that PRRSV nsp4 was responsible, but the exact molecular mechanisms of apoptosis induction are unclear. The major finding of this report is that the PRRSV nsp4 interacts with ctyo.c1 and target the E230|G231 site of cyto.c1 to mediate its proteolytic cleavage. Furthermore, the cleaved N-terminal fragment of cyto.c1 was found to possess apoptotic activity that causes mitochondrial fragmentation, leading to apoptotic cell death. In addition, the RNAi silencing experiment suggests that cyto.c1 is critical for both PRRSV-and nsp4-induced apoptosis. Thus, our data provide a mechanistic clue for PRRSV-induced cell apoptosis and also indicate a novel mechanism for the 3C-like proteases in induction of apoptotic cell death. . At 48 h post transfection, the cells were subject to SDS-PAGE and analyzed with immunoblotting with antibodies to cyto.c1 and β-actin. B, MARC-145 cells were first transfected with either siRNA-NC or siRNA-3. At 24 h post transfection, the cells were infected with HP-PRRSV strain JXwn06 at an MOI of 0.1. At 48 h post infection, the cells were harvested and subject to either FACS analysis with PI or FITC-conjugated annexin V. C, the same as B, except that the cells were used for western blot analysis with antibodies to caspase-3, nsp4 and β-actin. D, the same as B, except that the cells were transduced with the lentivirus expressing nsp4-GFP. The experiments are representative of three independent repeats.
